Huntington's disease (HD) is a neurodegenerative disorder caused by an expanded trinucleotide CAG repeat in the Huntingtin (Htt) gene. The molecular basis for the development and progression of HD is currently poorly understood. However, different DNA repair pathways have been implicated in both somatic expansion and disease progression. Embryonic stem cells provide a remarkable in vitro system to study HD and could have implications for understanding disease development and for therapeutic treatment. Here, we derive pluripotent stem cells from the mouse R6/1 HD model and demonstrate that repeated exposure to genotoxic agents inducing oxidative DNA damage gave a significant and dose dependent increase in somatic triplet expansion. Further investigation into specific steps of DNA repair revealed impaired double stranded break repair in exposed R6/1 cells, accompanied by the induction of apoptosis. We also found that differentiation status, and consequently DNA repair efficiency influenced somatic expansion. Our data underscore the importance of DNA damage and repair for the stability of the HD triplet in pluripotent stem cells.
Introduction
Huntington's disease (HD) is an autosomal dominant inherited neurodegenerative disorder characterized by progressive loss of motor and cognitive function. The clinical course of HD typically progresses over 10-20 years from a presymptomatic state to complete disability and death. There are no disease altering treatments and symptomatic therapy has limited benefit. HD is caused by an expansion of an unstable trinucleotide CAG repeat in the gene encoding Huntingtin (Htt), resulting in an extended polyglutamine tract in the expressed protein (Anon., 1993) . Healthy individuals have 6-35 CAG repeats, and affected individuals have more than 36 repeats (Langbehn et al., 2004) . Individuals with longer expansions have an earlier onset, increased severity and progression of the disease (Langbehn et al., 2004) .
Involvement of DNA damage and DNA repair pathways in disease progression and CAG expansion in HD is underscored by a number of recent studies (Kovtun et al., 2007; Dragileva et al., 2009; Wheeler et al., 2003; Goula et al., 2009) . Increased oxidative stress is found in HD individuals, and oxidative DNA damage preferentially accumulates at CAG repeats in a length dependent manner in a HD mouse model (Goula et al., 2009; Bogdanov et al., 2001; Browne et al., 1997) . Importantly, the change of age-dependent somatic instability by the BER enzyme OGG1 clearly links oxidative DNA damage to CAG repeat instability (Kovtun et al., 2007) . Other DNA repair proteins, such as Ku70, a component of the non-homologous end joining (NHEJ) machinery, also seem to be involved in disease progression. The exogenous expression of Ku70 rescues pathological phenotypes in a mouse model of HD (Enokido et al., 2010) .
Pluripotent stem cells have great potential in terms of regenerative medicine as well as disease modeling. They have been used to extensively model development; differentiation and some disease state in vitro (Ben-David et al., 2012) . Many human HD pluripotent stem cell lines have been generated to date, including some induced pluripotent stem cell (iPS) lines which give valuable insight into the pathology of HD (reviewed in Jonson et al., 2013) . However, no HDrelated phenotypes have been reported with these human embryonic stem cell (ESC) lines (reviewed in Kaye and Finkbeiner, 2013) . On the other hand, murine ESC-based models can reveal HD-related phenotypes. ESCs generated from mice with either 150 or 77 repeats showed similar neural proliferative properties to human neural cells in HD brains (Curtis et al., 2003 (Curtis et al., , 2005 .
As a step towards understanding the role of oxidative DNA damage and somatic instability of the CAG triplet in early differentiation and development, we have derived embryonic stem cells from the R6/1 HD mouse model carrying the expanded HD CAG repeat. We found that oxidative stress enhanced somatic instability. Furthermore, we found impairment in double stranded break repair which was accompanied by the induction of apoptosis.
Materials and methods

Cell culture
ESCs were derived as described by Bryja et al. (2006) . ESCs were maintained on a feeder layer of irradiated MEF cells (GlobalStem) in stem cell medium consisting of Knockout Dulbecco's modified Eagle's medium (KO-DMEM) (Life Technologies) supplemented with 20% Knockout Serum Replacement (Life Technologies, 10828-028), 50 μg/ml Pen/Strep (Medprobe), 1 mM L-glutamine (Life Technologies), 0.1 mM Non-Essential Amino Acids (Medprobe, BE13-114E), 0.1 mM β-mercaptoethanol (Sigma Aldrich) and 1000 units/ml Leukemia Inhibitory Factor (LIF) (Millipore). For differentiation, stem cell medium without LIF was used and 1 μM retinoic acid was added fresh daily. For all experiments, passages between 10 and 15 were used (the long term experiments start at passage 10 and end at passage 22).
Genotoxic treatment
H 2 O 2 (Sigma Aldrich) was added to KO-DMEM to make either a 150 μM or a 50 μM solution. Cells were left with the H 2 O 2 solution at 37°C with 5% CO for 30 min. KBrO 3 (Sigma Aldrich) was added to KO-DMEM to make a 7.5 mM solution. Cells were left with the KBrO 3 solution at 37°C with 5% CO for 20 min. MMS (Sigma Aldrich) was added to KO-DMEM to make a 3 mM solution. Cells were left with the MMS solution at 37°C with 5% CO for 20 min.
Immunocytochemistry
Cells were either grown on coverslips or cytospun onto slides (2000 rpm for 10 min). Cells were fixed in 4% paraformaldehyde (Sigma Aldrich) for 15 min at RT and washed with PBS. The cells were permeabilized with 0.5% Triton X-100 (Sigma) and blocked with 5% goat or donkey serum (Sigma) and 5% bovine serum albumin (Sigma) for 1 h at RT. Cells were incubated overnight at 4°C with primary antibodies. After incubation, the cells were washed with PBS and incubated with secondary antibodies 1 h at RT. Cells were then washed with PBS, incubated with 4′-6-diamidino-2-phenylindole (DAPI) (Life Technologies) for 5 min, and analyzed under a fluorescence microscope. Primary antibodies included: NANOG (Abcam, 1:200), SOX2 (Millipore, 1:200), OCT4 (Abcam, 1:100) and γH2A.X (Millipore, 1:200). Secondary antibodies: Alexa488-or Alexa594-conjugated (Life Technologies, 1:200-500).
Alkaline Phosphatase staining
Alkaline Phosphatase staining was performed with Alkaline Phosphatase Detection Kit (Millipore) according to manufacturer's instructions.
TUNEL apoptosis assay
Cells were cytospun onto slides (2000 rpm for 10 min) before the TUNEL assay (Roche) was performed according to the manufacturer's instructions. The cells were then counterstained with DAPI for 5 min and washed three times with PBS for 5 min before mounting in Mowiol.
DiIC 1 (5) survival assay
The MitoProbe DiIC 1 (Wheeler et al., 2003) Assay (Life Technologies) was performed according to the manufacturer's instructions. The cells were then analyzed with an Accuri flow cytometer in PBS. A minimum of 10,000 cells were measured per data point.
Image analysis
Fluorescent staining intensity of γH2A.X staining was quantified using the ImageJ software.
Conventional and quantitative PCR
Total RNA was isolated using the RNeasy mini kit (Qiagen) and cDNA was generated from 2 μg of total purified RNA using the High capacity RNA to cDNA kit (Applied Biosystems) according to the manufacturer's instructions. All conventional polymerase chain reactions (PCRs) were performed with Pfu DNA polymerase (Stratagene). Quantitative PCR (qPCR) was performed with SYBR Green qPCR kit (Applied Biosystems) using 10 μl of total reaction and analyzed on the StepOnePlus real-time PCR system (Applied Biosystems). Primer sequences are provided upon request.
Western blot analysis
Whole cell extracts were obtained from cell pellets by resuspension in 50-150 μl RIPA buffer containing protease inhibitor cocktail. The suspension was then left to rotate for 30 min and centrifuged at 13,000 rpm at 4°C for 30 min. Supernatants were collected and protein concentrations were measured using the Bio-Rad Protein Assay (Bio-Rad). Equal amounts of proteins (20-50 μg) were separated by SDS PAGE, and transferred using the trans-blot turbo transfer kit (Bio-Rad). Membranes were incubated with primary antibodies overnight at 4°C in TBST with 5% skimmed milk or BSA, then with appropriate HRP-conjugated secondary antibodies (Sigma) for 1 h before protein signals were visualized using Supersignal ECL substrate (VWR). Primary antibodies were MSH2 (Santa Cruz Biotechnology), KU70 (Santa Cruz Biotechnology), FEN1 (Abcam), NEIL1 (Abcam), GAPDH (Abcam) and α-TUBULIN (Sigma). Quantification was performed using the ImageJ software.
CAG fragment analysis/sizing of CAG repeats
Genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen). The size of CAG repeats was determined by PCR with primers 5′-FAM-atgaaggccttcgagtccctcaagtccttc-3′ and 5′-ggcggctgaggaagctgagga-3′. 100 ng of genomic DNA was amplified with AmpliTaq Gold DNA polymerase with PCR Buffer II, 1.25 mM MgCl 2 (Applied Biosystems), and 2.5 mM dNTPs (GE Healthcare). The cycling conditions were 94°C for 10 min, 35 cycles of 94°C for 30 s, 64°C for 30 s, 72°C for 2 min, and a final expansion at 72°C for 10 min. The FAM-labeled PCR products were mixed with GeneScan-600 LIZ Size Standard and HiDi Formamide (Applied Biosystems) and run on an ABI 3730 Genetic Analyzer (Applied Biosystems). Sizing of the PCR fragments was performed using the GeneMapper Software Version 3.7 (Applied Biosystems). The measured mean number of CAG triplets (μ m ) is calculated as the mean of all peaks within 10% of the highest peak. The CAG repeat tract is flanked by a sequence of 86 bp as verified by sequencing. Thus, the mean number of CAG triplets (μ t ) present in a fragment analysis sample with a measured mean (μ m ) is defined by μ t = (μ m − 86) / 3.
Statistical analysis
Data are given as means ± SEM. Two-tailed, unpaired Student's t tests were used to compare data sets. p b 0.05 was considered significant.
Results
HD ESCs with 127 CAG repeats have similar characteristics as the WT ESCs
The R6/1 transgenic mouse model of HD has exon 1 of the human Htt gene with 110-130 CAG repeats inserted (Mangiarini et al., 1996) . We established 2 lines of HD (R6/1) ESCs and 2 lines of WT ESCs from littermates. The HD ESC line established in this study had a CAG length of 127 repeats (Figs. 1A-C) and did not diverge from the WT line in any of the characteristics tested. We continued the experiments with one HD cell line and one WT cell line. Both cell lines express all pluripotency factors at equal levels, and have similar growth characteristics as well as morphology (Figs. 1E-G). The HD ESCs express the mutant Htt transcript around 40% compared to what is expressed in the striatum of 22 week old R6/1 mice (Fig. 1D ).
Oxidative stress induces CAG expansion in HD ESCs
In order to investigate if repeated exposure to DNA damaging agents could cause triplet expansion in HD ESCs, we selected three different genotoxic agents that induce different types of DNA damage. H 2 O 2 induces a wide array of oxidative DNA damage including FAPy-adenine, FAPy-guanine, 8-oxo-7,8-dihydroguanine (8-oxoG) and single and double stranded breaks (Spencer et al., 1996 (Spencer et al., , 1995 . KBrO 3 generates oxidative DNA modifications, in particular 8-oxoG (Ballmaier and Epe, 2006) . Methyl methanesulfonate (MMS) is an alkylating agent that methylates DNA on N 7 -deoxyguanine and N 3 -deoxyadenine (Sanderson and Shield, 1996) . As we do not know the exact amount of DNA damage induced by the three agents, no direct comparisons can be made between their effects on CAG expansion. We did, however, choose doses with comparable toxicity to the cells, with survival rates at 60-80%. Over a period of five weeks HD cells were exposed to 150 μM H 2 O 2 , 7.5 mM KBrO 3 or 3 mM MMS once per passage for 12 passages. Cells were harvested at 0, 3, 6, 9 and 12 passages and subjected to CAG repeat length analysis ( Fig. 2A ). We observed a steady, time dependent, increase in CAG repeats in HD ESC that did not receive any treatment. This could likely be due to the fact that cell culture alone imposes a certain level of oxidative stress upon the cells, or that other factors contribute to CAG expansion (Halliwell, 2003) . Treatment with H 2 O 2 , which introduces the widest array of DNA damage, caused a significant increase in CAG repeat lengths (Fig. 2B ) averaging a threefold increase when compared to untreated HD ESC. The H 2 O 2 did not change the wild-type status in two murine genes with CAG repeats (Pou3F2 (23 CAG repeats), Amotl1 (18 repeats)) ( Fig. S1 ). KBrO 3, which mainly introduces 8-oxoG, KBrO 3 , had a much more modest effect but nevertheless gave a significant increase in expansion (Fig. 2C) . MMS, an alkylating agent, gave no significant effect on expansion indicating that oxidative damage and not alkylating damage causes triplet expansion (Fig. 2D) . In order to further study the role of DNA repair in HD ESCs, the expression of a subset of DNA repair genes required for MMR, NHEJ and BER repair was analyzed under conditions of induced oxidative stress. WT and HD ESCs were treated with H 2 O 2 and allowed to recover for up to 2 h prior to gene expression analysis by quantitative PCR (qPCR). The expression level of the repair enzymes investigated was similar between WT and HD ESC before H 2 O 2 exposure (Fig. S2) . During H 2 O 2 exposure, all the DNA repair enzymes displayed a modest upregulation in HD ESCs relative to the WT ESCs, with the exception of Ogg1 (Fig. S2 ).
Differentiation status influences the effect of oxidative stress on CAG expansion but differentiation alone has only a minor effect on CAG stability in HD ESCs
We have shown that induction of oxidative stress in undifferentiated ESCs leads to a significant increase in CAG repeat number over the course of a few weeks. Next we investigated the effect of differentiation on CAG stability and whether the effect of oxidative stress would be different in differentiated versus pluripotent cells. HD ESCs were cultured in the absence of leukemia inhibitory factor (LIF) and presence of retinoic acid (RA) over a period of 12 days. During this time, the differentiating cells were exposed to either 50 or 150 μM of H 2 O 2 . During differentiation the morphology of the cells clearly changed and expression of pluripotency markers was reduced (Figs. 3A  and B ). The process of differentiation alone did induce some degree of CAG expansion (Fig. 3C ). Upon addition of H 2 O 2 the expansion increased. The expansion was dose dependent with a 30% greater expansion upon treatment with 150 μM as compared to 50 μM of H 2 O 2 . The dose dependent expansion seen for H 2 O 2 further enforces the role of oxidative stress in CAG expansion. However, although differentiation alone induces CAG expansion, the effect of H 2 O 2 treatment on differentiating cells is in fact slightly lower than that seen for pluripotent cells. This is probably attributed to the considerable decrease in DNA repair efficiency during differentiation. As expected, examination of different DNA repair enzymes showed a strong reduction in expression levels upon differentiation (Figs. 3D, E and F). It is thus reasonable to assume that the less effective DNA repair network in differentiated cells could be involved in triplet expansion.
DNA double stranded break repair is impaired in HD ESCs and correlates with an increase in apoptosis
One of the first signs of DNA double strand breaks is the rapid phosphorylation of H2A.X. The phosphorylated form of H2A.X, called γH2A.X, serves to recruit a number of proteins required for DNA damage signaling and repair. In order to investigate DNA double stranded break (DSB) repair in WT and HD ESCs , we treated WT and HD ESCs with H 2 O 2 and allowed the cells to recover for different time points before DSBs were visualized through γH2A.X staining (Fig. 4A) . The intensity of γH2A.X staining increased about tenfold upon H 2 O 2 treatment, and the increase in WT and HD ESCs was comparable. The intensity of the γH2A.X staining then steadily decreased to approximately 50% after 4 h of recovery in the WT ESCs (Fig. 4B) . On the contrary, the repair of DSBs was significantly delayed in HD ESCs and after 4 h the γH2A.X staining was only reduced by roughly 10% (Fig. 4B) . When treating cells with KBrO 3 no immediate induction of DSBs was observed ( Figs. S1A and B) .
DNA double strand breaks induce apoptosis, and in line with our results, we find that apoptosis is significantly higher in HD ESCs compared to WT ESCs following H 2 O 2 treatment (Figs. 4C and D) . At 2 h of recovery from H 2 O 2 treatment the level of apoptosis is approximately 40% higher in the HD cells than in the WT cells. At 4 h there is a slight decrease in apoptosis for the WT cells versus a 30% increase in apoptosis for the HD cells. Thus, the level of apoptosis in the HD cells is more than double that of the WT cells at 4 h of recovery (Fig. 4D) . KBrO 3 treatment gave no significant induction of apoptosis as analyzed by the TUNEL assay ( Figs. S3C and D) . HD is characterized at the pathological level by marked neuronal loss in the striatum, the discovery that apoptosis is increased upon induced oxidative stress in HD cells is in line with this (Vonsattel et al., 1985) . The delay in DSB repair correlates well with induction of apoptosis both in time and magnitude (Figs. 4C and D) .
Discussion
In this study, we derived ESCs from the R6/1 mouse, a transgenic model carrying an expanded human Huntingtin gene. We observed that these HD ESCs had cell colony morphology, growth rate, and pluripotency characteristics indistinguishable from WT ESCs. These observations are in agreement with previous studies of both human, mouse and monkey HD-iPS cell lines and human HD-ES cell lines (Camnasio et al., 2012; Chan et al., 2010; Niclis et al., 2009) . In this study, we found that repeated exposure of HD ESCs to genotoxic agents leads to repeat expansion in the case of agents that introduced oxidative DNA damage. MMS, which causes alkylating damage, had minor effects. Originally, MMS was believed to directly cause double-stranded DNA breaks, because homologous recombination-deficient cells are particularly vulnerable to the effects of MMS (Lundin et al., 2005) . However, it is now believed that MMS stalls replication forks, and cells that are homologous recombination-deficient have difficulty repairing the damaged replication forks (Lundin et al., 2005) . Our data thus indicate that the CAG locus expand during repair of oxidative damage, not during replication.
Differentiation of HD ESCs had only a minor effect on repeat expansion; this was as expected considering the low level of somatic expansion found in most tissues. We did, however, find that differentiation status influenced the effect introduced oxidative DNA damage had on CAG expansion. Mouse models of HD disruption of DNA repair enzymes such as MSH2, FEN1 and Expression is normalized to the housekeeping gene GAPDH and is shown as the mean ± SD from a representative experiment in triplicate. (C) CAG expansion measured by PCR and capillary electrophoresis following differentiation and H 2 O 2 treatment. The y axis shows the number of CAG repeats that were added to 127 CAG repeats. Expansion number for indicated passages is shown as the mean ± SEM from a representative experiment in triplicate. Asterisks (*) indicate significant difference from WT cells (*p b 0.05, **p b 0.01, ***p b 0.005). (D) The relative expression of MSH2, KU70, and FEN1 during differentiation was analyzed using qPCR. Expression is normalized to the housekeeping gene GAPDH and is shown as the mean ± SD from a representative experiment in triplicate. Asterisks (*) indicates significant difference from WT cells (*p b 0.05, **p b 0.01, ***p b 0.005). (E) The protein expression of MSH2, KU70 and FEN1 during differentiation is visualized using western blot analysis. (F) Protein expression during differentiation is quantified using the ImageJ software and normalized to the housekeeping gene α-TUBULIN.
KU70 alter disease progression (Kovtun et al., 2007; Wheeler et al., 2003; Enokido et al., 2010; Manley et al., 1999) . These DNA repair enzymes represent three different repair pathways. In our HD ESCs the protein levels of different DNA repair enzymes were strongly reduced upon differentiation. This data supports the theory that expansion occurs during DNA damage repair. Impaired DSB repair in neurons contributes to disease in the R6/2 mouse model of HD (Enokido et al., 2010) . We investigated DSB repair following induced oxidative stress in HD ESCs and confirmed that repair was impaired. Further, we found a striking temporal correlation between induction of apoptosis and DSB repair impairment. This correlation suggests that impaired DSB repair is involved in the increased sensitivity to oxidative stress observed for the HD ESCs.
Mutant Htt protein is expressed throughout the body and yet HD is characterized by cell specific neurodegeneration. Somatic expansion of the CAG repeat tract in HD individuals is likely to at least in part contribute to the tissue specific and progressive nature of the disease. Consequently, therapeutic strategies aimed at suppressing somatic expansion in target tissues could be beneficial. However, such a strategy calls for the exact elucidation of the process of expansion to identify potential therapeutic targets. Several models for expansion exist, most of which include the formation of looped intermediates that arise either during transcription or during DNA repair (Gacy et al., 1995; Pearson and Sinden, 1996; McMurray, 2010; Liu et al., 2009 ). These intermediate structures can then be incorporated into DNA, leading to repeat expansion. Collectively our observations support the notion of an important role for DNA damage and repair in the progression of HD, both through the somatic expansion of the CAG tract and through involvement in induction of apoptosis. Knowledge on the behavior and stability of the expanded CAG tract will be essential if induced pluripotent stem cell (iPSC) technology develops into therapeutic modalities. 
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